Low concentrations of oligomycin, which strongly inhibit mitochondrial oxidative phosphorylation but do not affect chloroplast photophosphorylation, caused an inhibition of photosynthesis by 30 to 40% in barley (Hordeum vulgare L.) leaf protoplasts. This inhibition is reversed and the full rate of photosynthesis is regained when the protoplasts are ruptured so as to leave the chloroplasts intact. Oligomycin fed into barley leaves by the transpiration stream inhibited photosynthesis in these leaves by up to 60%. The measurement of metabolites in protoplast and leaf extracts showed that oligomycin caused a decrease in the ATP/ADP ratio and an increase in the content of glucose-and fructose 6-phosphate. Subcellular analysis of protoplasts revealed that the decrease in ATP/ADP ratio in the cytosol was larger than in the stroma and that the increase in hexose monophosphates was restricted to the cytosol, whereas the stromal hexosemonophosphates decreased upon the addition of oligomycin. Moreover, oligomycin caused an increase in the triosephosphate-3-phosphoglycerate ratio. It is concluded from these results that during photosynthesis of a plant leaf cell mitochondrial oxidative phosphorylation contributes to the ATP supply of the cell and prevents overreduction of the chloroplast redox carriers by oxidizing reductive equivalents generated by photosynthetic electron transport.
It has been a matter of debate if in a plant leaf cell mitochondrial oxidative phosphorylation contributes to the supply of ATP during photosynthesis metabolism. In a previous publication (1 1), we investigated how to inhibit mitochondrial ATP synthesis in plant protoplasts without affecting photophosphorylation. A suitable inhibitor appeared to be oligomycin. It strongly inhibits mitochondrial oxidative phosphorylation (16) and has only a weak effect on photophosphorylation (10) .
Very low concentrations of oligomycin inhibiting mitochondrial oxidative phosphorylation caused a partial inhibition of protoplast photosynthesis that was observed only when the protoplasts were intact (1 1) . When protoplasts that had been inhibited by oligomycin were ruptured by forcing them through a 5 ,um net, a procedure leaving chloroplasts and Supported by the Deutsche Forschungsgemeinschaft. mitochondria intact, photosynthesis of the released chloroplasts was recovered to the rate obtained in the absence of oligomycin.
In a chloroplast suspension the volume of the external medium is about 1000 times larger than the stromal space of the chloroplasts. The phosphate in the medium functions as a reservoir for chloroplast photosynthesis and the products DHAP and PGA are diluted in the medium to such an extent that for the duration of the measurements photosynthesis is not affected by an accumulation of external products. In protoplasts, on the other hand, the volume of the cytosolic space is similar to the stromal one. Therefore, in the intact protoplasts photosynthesis can operate only if the products DHAP2 and PGA are further metabolized in the cytosol and the released phosphate can reenter the chloroplasts. The decrease ofphotosynthesis observed with intact protoplasts upon the addition of oligomycin was discussed as being caused by a decrease of sucrose synthesis, due to the lack of ATP generated by oxidative phosphorylation (1 1) .
To elucidate the effect of oligomycin on plant cell photosynthesis, we analyzed changes in metabolite levels occurring upon inhibition of photosynthesis by oligomycin in leaf protoplasts and leaves of barley. These studies indicate that mitochondria fulfill an important function in photosynthesis in supplying the cytosol with ATP and in oxidizing excessive redox equivalents generated by chloroplast electron transport.
MATERIALS AND METHODS
Barley (Hordeum vulgare var "Roland" obtained from R. Wolters, Gottingen) was grown on soil in a greenhouse; the natural illumination was supported by 150 W incandescent lamps. Protoplasts were prepared from 10-to 14-d-old leaves according to Edwards et al. (6) with the modification that the incubation time with cellulase and pectinase was 2 h, this incubation medium contained additionally 5 mM Mes buffer and 0.1 % PVP 40, and a 100 ,m net was used. Photosynthesis was measured using an oxygen electrode (3) with a medium 2 Abbreviations: DHAP, dihydroxyacetone phosphate; PGA, phosphoglycerate; Glc6P, glucose 6-phosphate; Fru6P, fructose 6-phosphate; PEP, phosphoenolpyruvate; UDPGlc, UDP glucose; Fru 1,6-P2, fructose 1,6-bisphosphate; Fru 2,6-P2, fructose 2,6-bisphosphate; Rubisco, ribulose-1,5-bisphosphate carboxylase/oxygenase. containing 0.4 M sorbitol, 50 mM Hepes (pH 7.6), 1 mM MgCl2, 10 mm KH2PO4 (to inhibit photosynthesis of contaminating chloroplasts released from broken protoplasts), and 1 mM NaHCO3. Photosynthesis of barley leaves (from 10-to 14-d-old plants, see above) was measured in a leaf oxygen electrode (4), using four leaf pieces with a total surface of about 9 cm2. The electrode vessel contained 200 ,uL 2 M KHCO3-K2CO3 buffer (pH 9.2) and 0.4 Mukat carbonic anhydrase. Oligomycin was fed into the leaves by placing the stems into water containing oligomycin added from a stock solution containing acetone (final concentration of acetone in the water 1%) while illuminating the leaves at a light intensity of 180 W m-2 for 3 h. In the control experiment the leaves were treated the same way, omitting oligomycin but adding 1% acetone.
For assay of metabolites, perchloric extracts were prepared from protoplasts and from leaves as described previously (19) . Metabolite assays were carried out as described previously (19) . Fru 2,6-P2 was assayed in a chloroform-methanol leaf extract according to Stitt et al. (18) . Subcellular analysis of metabolites was done as described (19) . For technical reasons the mitochondrial and cytosolic fraction were not separated and analyzed in total.
Oligomycin was obtained from Sigma Chemical Co., Munich.
RESULTS

Effect of Oligomycin on Photosynthesis of Barley Leaf Protoplasts
As reported previously (1 1), photosynthesis of barley leaf protoplasts is partially inhibited upon the addition of low concentrations of oligomycin. As shown in Table I , 0.01 ,ug/ mL oligomycin was sufficient to achieve a partial inhibition of protoplast photosynthesis by 34%.
Since oligomycin is strongly bound to the mitochondria, its inhibitory effect depends on the relationship between applied concentration and the concentration of mitochondria. In rat liver mitochondria (16) (1) . The inhibitory effect of oligomycin could be increased by pretreatment of the thylakoids with trypsin or DTT. In this case, 50% inhibition of photophosphorylation could be achieved, but the amount of oligomycin required was 20 to 40 ,ug/mg protein (1) . In experiments from our laboratory with intact spinach chloroplasts, as much as 12 ,g oligomycin/ mg protein were required for only 10% inhibition of photosynthesis (1 1). Chloroplasts from ruptured barley leaf protoplasts were equally insensitive toward oligomycin (1 1).
In contrast to this, the sensitivity of protoplast photosynthesis toward oligomycin is very high. This sensitivity can be related to the content of mitochondria in the protoplasts. In spinach and pea leaves, the mitochondrial content was found to be 1.5 and 1.4 mg mitochondrial protein/mg Chl, respec- tively (5) . Assuming that in barley leaves the mitochondrial content is the same as in spinach or pea, a protoplast concentration equivalent to 30 ,g Chl/mL, as applied in our experiments, would contain mitochondria equivalent to 45 Mg mitochondrial protein/mL. An extrapolation from the oligomycin sensitivity of rat liver mitochondria yields that 0.01 ug/mL oligomycin would be required to inhibit the mitochondria contained in our protoplast suspension by 50%. As shown in Table I , 0.01 ,ug/mL oligomycin strongly inhibited protoplast metabolism. This coincidence of the sensitivity of protoplast photosynthesis and of mitochondrial oxidative phosphorylation toward oligomycin and the fact that the chloroplasts in the broken protoplasts are not affected to that extent strongly indicate that the inhibitory effect of oligomycin on protoplast photosynthesis is due to an inhibition of mitochondrial oxidative phosphorylation.
Effect of Oligomycin on Photosynthesis of Barley Leaves
To investigate the effect of oligomycin on leaf photosynthesis, the inhibitor was applied to excised barley leaves through the transpiration stream by placing the stem of the leaves in water containing variable concentrations of oligomycin and illuminating the leaf for 3 h. Photosynthesis was subsequently measured with a leafoxygen electrode (4). Figure  1 shows that with increasing concentration of oligomycin in the applied water, photosynthesis is more inhibited. In terms of oligomycin concentration required for inhibition, this experiment is difficult to compare with the protoplast experiment. On the one hand, due to evaporation of the water by transpiration the concentration in leaves could be higher than in the applied fluid. On the other hand, the amount of mitochondrial protein per volume in the leaves is about two orders of magnitude higher than in the protoplast suspension. One would therefore expect that oligomycin would have to be administered in leaves at about 100-fold higher concentration than in protoplasts in order to achieve the same inhibitory effect. This is actually the case. As shown in Figure 1 , 30% inhibition of leaf photosynthesis required an oligomycin concentration in the transpiration fluid of about 1 ,ug/mL, which is indeed one hundred times higher than that required for similar inhibition of protoplasts.
Effect of Oligomycin on Metabolite Levels in Barley Protoplast
To analyze the effect of oligomycin on protoplast photosynthesis, we assayed the metabolite contents of these protoplasts in the steady state of photosynthesis. The data shown in Table I are the result of a single experiment that has been wholly repeated two times and partially repeated numerous times in which the same effects of oligomycin on metabolite levels have been observed. In separate experiments, the subcellular distribution of some key metabolites in these protoplasts was determined (Table II) . As shown in Table I , the addition of oligomycin resulting in 34% inhibition of photosynthesis leads to a large decrease of the cellular ATP/ADP ratio, which is mainly due to a decrease in the extrachloroplast compartment, as shown in Table II . Addition of oligomycin also increased the contents of Glc6P and Fru6P (Table I) , this increase being entirely due to an increase in the extrachloroplast level, whereas the stromal levels of these hexosephosphates decreased (Table II) . The content of UDP glucose was little affected by oligomycin. Whereas the content of triosephosphates remained about the same, the content of 3-PGA decreased to half of the control value when oligomycin was added. It may be noted that in the experiment of Table I and a series of other experiments, the DHAP/3-PGA ratio of the protoplast contents was very high. At other times, when also other cultivars had been used, we found lower DHAP/PGA ratios in protoplasts. In these cases an increase of the cellular DHAP/PGA ratio was mostly observed when oligomycin had been added. 
Effect of Oligomycin on Metabolite Levels in Barley Leaves
In the leaves which had been treated with oligomycin and which were used for photosynthesis measurements, metabolite contents were analyzed. Figure 2 shows mean values from three series of experiments. Although due to differences in the leaf material, in the three different series the control values varied up to 30%; within each series, the trends ofthe changes caused by oligomycin were identical. As shown in Figure 2 , the changes in metabolite contents caused by oligomycin are similar to those observed in protoplasts. There is again a decline in the ATP/ADP ratio and an increase of Glc6P content observed (Fig. 3) . In the leaves these changes are accompanied by a drop in the content of UDP glucose. The decrease in UDPGlc/Glc6P ratio may reflect a decrease in UTP. In contrast to the experiment with protoplasts, a dramatic rise in the content of Fru 2,6-P2 is found. As in protoplasts, oligomycin had little effect on DHAP, whereas PGA largely decreased, resulting in an even higher increase in the DHAP/PGA ratio as in the protoplasts (Fig. 3) .
DISCUSSION
A comparison of the control values of the metabolite contents of the protoplasts and leaves employed in our experiments indicates that the two were in a different metabolic state. The protoplasts showed a lower rate of photosynthesis than the leaves. This concurred with a higher DHAP/PGA ratio and a higher level of Fru 2,6-P2 in the protoplasts. It seems that the utilization of DHAP for synthesis of sucrose was more limiting to the overall process of photosynthesis in the protoplasts than in the leaves. This may not be surprising, since in protoplasts the synthesized sucrose cannot be translocated. Despite these differences, the metabolites in the protoplasts and leaves responded to the addition of oligomycin in a remarkably similar way.
In the protoplast experiments, the oligomycin concentration required for inhibition of photosynthesis was about as low as required for inhibition of mitochondrial oxidative phosphorylation. Because of the insensitivity of photophosphorylation toward oligomycin, it could be excluded that in our experiments the inhibition of protoplast photosynthesis by oligomycin was primarily caused by an inhibition of chloroplast photophosphorylation (see "Introduction").
Maury et al. (12) reported that the addition of Mg2+ to illuminated chloroplasts caused efflux of K+ and acidification of the stroma, effects which could be reversed by the addition of K+ to the medium. With 2 Og/mL oligomycin, however, K+ did not prevent the acidification caused by Mg2' addition.
From these findings, the authors concluded that there is an ATP-dependent transport of H+ in exchange with K+ in the envelope with the function of maintaining a pH gradient, and that this pump was being inhibited by oligomycin. It was furthermore shown that this postulated H+/K+ pump plays a role in the protection of a plant against water stress, since oligomycin eliminated the protective effect of high K+ in dehydrated leaf slices (13) . If in our experiments with protoplasts a proton pump stimulated by cytosolic Mg2+ were inhibited by oligomycin, the decrease in the rate of photosynthesis could have been explained by an acidification of the stroma inhibiting Calvin cycle enzymes (14) . Studies with isolated chloroplasts have shown that an inhibition of the Calvin cycle by acidification of the stroma is characterized by a large increase of the ATP/ADP ratio and the Fru 1,6-P2 level in the stroma (14) . In the protoplast experiments shown here, the addition of oligomycin resulted in a decrease of the stromal ATP/ADP ratio and the level in fructose bisphosphate (the large majority of the cellular fructose bisphosphate is located in the stroma [17] ), which is a change in the opposite way. Apart from the fact that the oligomycin concentration required for the inhibition of the postulated proton pump was much higher than that required for inhibition of protoplast photosynthesis, it can be ruled out from the changes in metabolite levels that the inhibition of a chloroplast proton pump is a major factor in the inhibition of protoplast photosynthesis by oligomycin, as observed in our experiments. It can therefore be concluded that in intact protoplasts the inhibition of photosynthesis by low concentrations of oligomycin is primarily due to an inhibition of mitochondrial oxidative phosphorylation. In leaves where oligomycin has been fed by the transpiration stream, the relationship between the oligomycin concentration applied and the internal concentration to which the cell is exposed is not known. An argument can be made (see "Results") that the internal oligomycin concentration is so low that chloroplast photosynthesis is not affected. The very similar response of the metabolites in the leaves and protoplasts to the addition of low concentrations of oligomycin indicates that the mode of inhibition of photosynthesis in the two objects is the same. From this it is safe to conclude that also in the leaves the inhibition of photosynthesis by low concentrations of oligomycin (1 ,ug/mL) is primarily due to an inhibition of mitochondrial ATP synthesis, although at oligomycin concentrations greater than 1 qg/mL an additional effect according to Maury et al. (12) cannot be excluded, as under these conditions an increase of the Fru 1,6-P2 level accompanied by an increase of the ATP/ADP ratio is observed. The increase of Glc6-P upon oligomycin addition observed in protoplasts and leaves, which can be attributed to an increase in the cytosolic Glc6-P as the subcellular analysis of protoplasts revealed, signals a decrease of sucrose synthesis. This decrease in sucrose synthesis cannot be explained by a mere lack of cytosolic ATP as a substrate. If this were the case, the level of UDP glucose should have been lowered considerably after the addition of oligomycin, which is only observed in leaves whereas in protoplasts the observed changes are relatively small. It seems that the drop in the cytosolic ATP/ADP affects sucrose synthesis in a regulatory way. In leaves upon the addition of oligomycin, a dramatic increase in Fru 2,6-P2 is found, which might be explained by the observed decrease in PGA and the increase of hexose phosphates, favoring Fru 2,6-P2 synthesis by the Fru6P 2 kinase/ Fru 2,6-P2 system (2) . The rise in Fru 2,6-P2 is expected to inhibit the cytosolic Fru 1,6-P2, a regulatory step in the overall reaction of sucrose synthesis. In protoplasts, oligomycin did not cause any marked increase in Fru 2,6-P2, probably due to the fact that there the Fru 2,6-P2 level was already high in the control experiment (see above). The increase in hexosephosphates indicates that in the proposed decrease of sucrose Oligomycin (pg / ml) Oligomycin (pg / ml) Oligomycin (pg/mi) synthesis a regulation of sucrose phosphate synthase should be involved, the details of which are not known. Sucrose phosphate synthase was found to be regulated by interconversion catalyzed by protein kinase (9, 15) . The fact that mitochondrial oxidative phosphorylation is serving the cytosol with ATP in the light is supported by the findings of Gardestrom and Wigge (7). They found that under limiting CO2 in the light the addition of aminoacetonitrile, an inhibitor of glycine decarboxylation, caused a decrease in the mitochondrial and the cytosolic ATP/ADP-ratio. They concluded that the mitochondrial glycine oxidation is coupled to oxidative phosphorylation in the light. In this way the cytosol is supplied with ATP from the mitochondria. Consequently, NADH formed by glycine oxidation is apparently not totally shuttled out to the cytosol under the mentioned conditions.
The increase in the DHAP/PGA ratio that is observed upon addition of oligomycin in leaves and to a variable extent in protoplasts could reflect an increased reduction ofthe stromal NADP-system. Mitochondria in a leaf cell have the capacity to oxidize surplus redox equivalents arising from photosynthetic electron transport. Redox equivalents can be exported from the chloroplasts by malate-oxaloacetate shuttle or DHAP-PGA shuttle (for detailed discussion see ref. 8) . Although a blocking of mitochondrial oxidative phosphorylation would not totally inhibit mitochondrial respiration, due to the presence of the alternative pathway, the addition of oligomycin may reduce the capacity of the mitochondria to oxidize surplus redox equivalents from the chloroplasts and thus cause an increase in the reductive state of the stromal NADPH/NADP system and of the chloroplast electron transport carriers. The decrease in the stromal ATP/ADP upon the addition of 1 ,g/mL oligomycin may be caused by a reduction of photophosphorylation due to an overreduction of chloroplast electron transport carriers mentioned above. The recovery of the ATP/ADP ratio observed at oligomycin concentrations greater than 1 ug/mL could be due to an additional effect of oligomycin on H+ transport across the envelope ( 12) as discussed above.
Provided that the decrease in cellular ATP/ADP ratio is caused entirely by an inhibition of mitochondrial ATP synthesis, it is not clear how this also affects the stromal ATP/ ADP ratio, which, at least in the protoplasts, also is found to decrease upon addition of oligomycin, although to a smaller extent. It is feasible that the adenylate systems in the cytosol and in the stroma correspond via a DHAP-PGA shuttle.
CONCLUDING REMARKS
The results about the effect ofoligomycin on photosynthesis metabolism in leaves and leaf protoplasts reveal a consistent, but also complex pattern of metabolic events. From this, two main conclusions may be drawn for the function of mitochondria in a photosynthesizing plant cell: (a) mitochondria contribute to the demand of ATP in the cytosol; (b) mitochondria have a function in oxidizing surplus redox equivalents formed by photosynthetic electron transport.
Further experiments are required to elucidate details how the mitochondrial and chloroplast electron transport system and adenylate systems correspond with each other.
